Deposition rates, wet etch rates, and thickness uniformity experiments were performed using O 3 /TEOS thermal chemical-vapor deposition. Our results for oxide deposition show optimum process window around 200 Torr for producing films of good quality ͑uniformity and material properties͒. This is in excellent agreement with the modeling predictions over a broad range of pressure ͑100-600 Torr͒ and temperature ͑370-470°C͒. The model invokes both gas phase and surface reaction mechanisms. The former is needed to produce deposition precursors and leads to an observed increase-maximum-decrease dependence on the deposition pressure; this decrease is associated with a competing ͑parasitic͒ role of gas phase reactions. Our experiments identify particle formation at higher pressures which is consistent with the expected dual role of gas phase reaction in generating ͑1͒ required deposition precursors and ͑2͒ particulates in the gas phase under some conditions. © 1996 American Vacuum Society.
Ultralarge scale integration ͑ULSI͒ technology with multilevel metallization ͑MLM͒ requires high quality dielectric films that can be deposited rapidly and conformally on high aspect ratio structures at temperatures below 500°C with excellent gap-filling capability. Tetraethyl orthosilicate, with ozone, TEOS-O 3 , and plasma enhanced chemical-vapor deposition ͑PECVD͒ TEOS, are competitive processes for the fulfillment of this need. The Kim and Gill ͑KG͒ model 1 of the TEOS-O 3 process has been tested between pressures of 30 to 90 Torr and indicates that gas phase reactions both generate and consume the intermediate precursor species responsible for film formation; this effect becomes more significant at higher temperatures and pressures. Furthermore, their more comprehensive analysis 2 which includes a detailed description of the reactor geometry, flow, temperature, and concentration fields as well as the same gas phase and surface reactions, suggests that subatmospheric pressure ͑CVD͒ ͑SAPCVD͒, between 100 and 600 Torr, offers a potentially optimum process window in which film properties, deposition rates, film uniformity, step coverage, and trench filling are all favorable at temperatures below 500°C.
For the first time, comprehensive experimental evidence is provided on the deposition rates, wet etch rates, and uniformity by using an ultraclean CVD reactor capable of depositions in 100 to 600 Torr range continuously with precise control of temperature, pressure, and the flow rates of all gases including the TEOS flow rate using an MKS liquid delivery system ͑ILD-100͒. The gap between the wafer and showerhead is maintained at about 5 mm, similar to the AME-5000 commercial reactor to reduce recirculation effects which are important in the SAPCVD pressure regime. The showerhead is air cooled and maintained at 70°C to avoid decomposition of ozone ͑and SiO 2 deposition͒.
A significant temperature gradient ͑70 to 400°C͒ between the wafer and the showerhead enables ozone decomposition near the Si surface to form atomic oxygen 3 , which enables one to use a low deposition temperature, 400°C or less, comparable to that in PECVD. 4 This is believed to oxidize the TEOS to form a gas phase precursor ͑silanol͒, which can adsorb on the surface to form siloxanes and leads to further decomposition, producing SiO 2 , as suggested by Kawahara. 5 The formation of a gas phase deposition precursor is a crucial step which greatly accelerates reaction rates in this process. The deposition rate behavior then is determined by competition between the role of the precursor in promoting deposition and alternate, competing reaction channels which do not lead to deposition assumed by Kim and Gill. 2 Both the deposition rate behavior and the observation of particulate formation reported here lend support to this mechanistic picture.
These results also substantiate the modeling work of Kim and Gill 1,2 in which they proposed kinetic mechanisms for TEOS-O 3 CVD explaining deposition rate inversion behavior of the SiO 2 films as the temperature ͑or pressure͒ are increased:
͑i͒ The ozone is assumed to decompose in the gas phase according to the mechanism proposed by Benson and Axworthy, 3 forming oxygen atoms and molecules when colliding with other species in the gas phase. Additional oxygen molecules are generated from collision of oxygen atoms with ozone.
͑ii͒ Atomic oxygen and/or ozone react with TEOS in the gas phase to form an intermediate, I, as well as reaction products R. Some of the intermediate molecules decompose ͑or deplete͒ to useless products in the gas phase before reaching the wafer surface.
͑iii͒ Undecomposed intermediate molecules of ''I'' first adsorb on the Si surface ͑vacant sites ''X''͒ according to the Langmuir-Hinshelwood mechanism and then decompose to produce SiO 2 films and additional by-products.
Gas phase mechanisms O 3 decomposition:
TEOS decomposition:
I→products.
Surface mechanisms
IϩX⇔I.X, I.X→SiO 2 ϩXϩby-products.
Appropriate rate constants for these reactions are given in Refs. 1 and 2. Figure 1 provides a comprehensive picture of the deposition rate as a function of both temperature and pressure. For all temperatures in the range 370-450°C, the deposition rate initially increases with total pressure ͑at constant temperature͒ but decreases at higher pressure above 300 Torr, consistent with the presence of competing or parasitic gas phase reaction channels, as included in the KG model. In addition, as can be inferred from Fig. 1 , the temperature dependence of the deposition rate at various constant pressures also shows an increase-maximum-decrease behavior, so that both higher pressure and higher temperature are effective in enhancing the competing reaction channel at the expense of deposition rate. The locus of the maximum deposition rate in Fig. 1 shifts to a lower pressure as the temperature is increased, showing a ''deposition rate inverse behavior,'' as predicted by the KG model; this is consistent with the decrease of deposition rates at higher temperature and pressure.
Particle formation was observed on the reactor walls and windows at deposition pressures above those corresponding to the maximum deposition rate for each temperature. This is an obvious reaction pathway for depletion of deposition precursors formed by gas phase reaction upstream from the Si substrate, and the observation of particle formation directly corroborates the existence of parasitic gas phase reactions which become more prevalent at higher pressures and temperatures. The generation of particles in the gas phase ͑ho-mogeneous nucleation͒ may not be desirable because it may lead to defects in the films produced and may impact film uniformity. Figure 2 clearly shows the increase-maximum-decrease behavior of the deposition rate with temperature even at much lower deposition pressure of 30 Torr. The deposition rate increased to a maximum around 400°C. Particle formation was noticed above 400°C consistent with decreasing deposition rates which was predicted by the KG model. where t high and t low and t avg are the highest, lowest, and average from ten random measurements of oxide thicknesses, respectively. The nonuniformity is always higher for 470°C deposition, compared to that at lower temperature. As noted earlier, formation of particles was pronounced above 200 Torr pressure, consistent with decrease of deposition rate ͑due to parasitic gas phase reactions͒ and may be responsible for lower thickness uniformity. At higher deposition temperature, both nonuniformity and particle generation are increased, further supporting the KG model correlation.
The variation of nonuniformity with pressure ͑Fig. 3͒ was well predicted by the KG model, as indicated in Fig. 4 . Note that both the experiment and theory indicate a distinct and desirable minimum in nonuniformity for pressures around 100-200 Torr. Experimental values from our research reactor were higher than the model predictions for the AM5000 due in part at least to assuming that the showerhead temperature was 70°C, which is too low, and using 2 1/4 in. wafers and a resistance heater rather than the heating lamps used for the 5 in. wafers in the AM5000. The actual temperature of the showerhead in the AM5000 probably was 100°C or more while the walls were cooled and maintained at 70°C. This causes the wafer to ''see'' a different temperature distribution in the surroundings. It also causes the average gas phase temperature to be higher and the concentration of intermediate to be lower because of parasitic gas phase reactions. These effects change the temperature distribution in the wafer and the deposition rate and its uniformity on the wafer surface. Kim and Gill 2 showed that operating conditions ͑in-cluding gas phase temperature, pressure, residence time, wafer size, and concentration͒ interact in a complex way to determine the magnitudes of the optimum deposition rate and uniformity, and the location of the process window in which they occur. The experimental data for the AM5000 in the range of 30 to 90 Torr for 5 in. wafers agreed well with those predicted, considering the complexity of the process. Therefore, the agreement between the values predicted and observed for the AM5000, 2 and the experimental trends in the data given here for higher pressures provide substantial support for the validity of the KG model. Furthermore, our new data are in the pressure regime-previously unexplored-where nonuniformity values are minimized as predicted by the model. Indeed, the intermediate pressure range ͑100-200 Torr͒ explored here offers an optimization of uniformity, material quality, and low particle generation which is attractive for manufacturing applications. These metrics also favor a temperature in the range 400-450°C, which optimizes the deposition rate near 200 Torr pressure, as well. While the KG model predictions were done for the AME-5000 CVD reactor, we believe that the data show that the trends predicted ͑for deposition and uniformity͒ are valid for our research reactor which is similar in construction to the AME-5000.
In conclusion, the experimental data presented here corroborate the essential features of the KG model, particularly with regard to its prediction of maximum uniformity in the pressure range near 200 Torr. The generation of particles, observed on our reactor windows and walls, and the maximum in both the uniformity and deposition rates, provide strong evidence for the existence of the gas phase reactions included in the kinetic pathways used in the KG model.
